ABSTRACT. Exogenous ATP stimulates surfactant phospholipid secretion in vitro through binding to P2-purinoceptors on the surface of the alveolar type I1 cell. To determine whether ATP is present in the bronchoalveolar space at concentrations sufficient to stimulate phospholipid secretion, we determined bronchoalveolar lavage ATP content in rats exposed to different inspired oxygen concentrations. Bronchoalveolar lavage ATP content of control animals exposed to room air was 155 + 12 nmol ATPIlavage Alveolar type I1 cells synthesize and secrete surfactant phospholipids in response to a variety of secretagogues which include P-adrenoceptor agonists (I), phorbol esters (2), calcium ionophores (3), and cytochalasins (4). One of the most potent agonists for surfactant phospholipid secretion in vitro is exogenous ATP, which activates cell surface Pz-purinoceptors mobilizing intracellular calcium in association with surfactant phospholipid secretion (5, 6). Whether ATP is present in relevant concentrations in the airway and whether ATP plays a similar role in vivo is unknown. We therefore undertook the present study to determine whether ATP is present in bronchoalveolar lavage in concentrations sufficient to mediate surfactant phospholipid secretion in vivo. Exposure to hyperoxia affects metabolism and airway content of the major surfactant-associated protein and DSPC. However, specific effects vary depending on animal species, age, and level and duration of inspired oxygen. Young et ul. (7) found increased lavage and lung DSPC content in adult rats exposed to 85% oxygen for 7 d. Nogee and Wisp6 (8) reported increased airway content of DSPC in adult rats exposed to 85% oxygen for 3 or 7 d. This increase was associated with increased synthesis and secretion of the major surfactant-associated protein SP-A. In contrast, Ward and Roberts (9) reported decreased synthesis and secretion of DSPC by lung slices obtained from newborn rabbits exposed to 95% oxygen for 48 h. Thus, hyperoxia causes a significant perturbation of surfactant homeostasis. As ATP is a potent stimulus for surfactant phospholipid secretion in vitro (5, 6) and hyperoxia has also been reported to modulate surfactant phospholipid secretion (7, 8), we tested whether changes in bronchoalveolar lavage ATP content are associated with hyperoxia-induced changes in DSPC secretion by measuring bronchoalveolar lavage ATP and disaturated phosphatidylcholine content in rats exposed to varying inspired oxygen concentrations.
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Exposure to hyperoxia affects metabolism and airway content of the major surfactant-associated protein and DSPC. However, specific effects vary depending on animal species, age, and level and duration of inspired oxygen. Young et ul. (7) found increased lavage and lung DSPC content in adult rats exposed to 85% oxygen for 7 d. Nogee and Wisp6 (8) reported increased airway content of DSPC in adult rats exposed to 85% oxygen for 3 or 7 d. This increase was associated with increased synthesis and secretion of the major surfactant-associated protein SP-A. In contrast, Ward and Roberts (9) reported decreased synthesis and secretion of DSPC by lung slices obtained from newborn rabbits exposed to 95% oxygen for 48 h. Thus, hyperoxia causes a significant perturbation of surfactant homeostasis. As ATP is a potent stimulus for surfactant phospholipid secretion in vitro (5, 6) and hyperoxia has also been reported to modulate surfactant phospholipid secretion (7, 8) , we tested whether changes in bronchoalveolar lavage ATP content are associated with hyperoxia-induced changes in DSPC secretion by measuring bronchoalveolar lavage ATP and disaturated phosphatidylcholine content in rats exposed to varying inspired oxygen concentrations.
MATERIALS AND METHODS

Materials.
Male rats ( 1 50-250 g) were obtained from Charles River Breeding Laboratories, Inc., Wilmington, MA. ATP, ADP, AMP (all as sodium salts), adenosine, NADP, glucose-6-phosphate dehydrogenase, hexokinase, and tetrabutyl ammonium hydrogen sulfate were obtained from Sigma Chemical Co., St. Louis, MO.
Methods. Adult male Sprague-Dawley rats were exposed to hyperoxia or room air for the dose-response study. The average wt of the study animals was 350 g for the dose-response study, and 250 g for the time course. The oxygen-treated rats were housed in 3-cubic-foot Lucite chambers. Each chamber received oxygen at 6 literslmin, and oxygen concentration was measured continuously with an oxygen analyzer (Ventronics, Temecula, CA). During the exposure, COz concentration in the chamber was less than 1 %. Room air control animals were maintained in open cages. Animals were allowed food and water a d libitum.
After the exposure period, animals received a lethal intraperitoneal injection of pentobarbital (50 mg/kg). The thorax was left undisturbed, and the tracheae were cannulated and connected to a U-tube water manometer. The lungs were slowly inflated to 30 cm H 2 0 pressure, and this vol was recorded as Via. The lungs were lavaged in situ 10 times with cold PBS, pH = 7.4, containing 3.4-mM EDTA using a vol equal to 80% of V30. Fresh buffer was used for each lavage. Total recovered lavage fluid from each animal had to be at least 90% of vol instilled to qualify for inclusion in the analysis, and there were no differences in lavage vol recovered from control versus oxygen-exposed rats. Pulmonary lavage was processed by centrifugation at 500 x g for 10 min at 4°C to remove cell debris. The supernatants were then centrifuged at 12 500 x g for 10 min at 4"C, and aliquots of the EFFECT O F OXYGEN O N ATP CONTENT resultant supernatant were taken for determination of lactate dehydrogenase activity, ATP, and metabolite measurement.
To determine recovery of ATP using this methodology, tracer amounts of adenosine 5'-0-(3-[35S-]thiotriphosphate) were added to the lungs of control animals which were then lavaged as above and not ventilated. Under these conditions, 98 + 6% of the instilled label was recovered by lavage (mean + SEM, n = 3). None of the control or oxygen-treated animals expired before being killed for the studies.
ATP and metabolite determination. ATP content was determined using a spectrofluorometric assay (10) . Assay buffer contained 50-mM HEPES, 10-mM magnesium chloride, 5-mM glucose and 5-mM EDTA, pH = 7.4. In addition, the buffer also contained nicotinamide adenine dinucleotide phosphate (50 pg), glucose-6-phosphate dehydrogenase (EC 1.1.1.49, 0.1 U) and hexokinase (EC 2.7.1.1, 1 U). The amount of ATP present in lavage fluid was determined by comparison to standard curves, and by utilizing a known amount of ATP as an internal standard.
ATP levels were also measured by ion-pair reversed-phase HPLC (I I). Buffer A contained 0.1-M KH2P04, pH = 6, with 8-mM tetrabutyl ammonium hydrogen sulfate, and buffer B was buffer A containing methanol (60:40, voljvol). The amount of ATP present in lavage fluid was determined by comparison to standards eluted by high performance liquid chromatography using the previously described method. ADP, AMP and adenosine levels were determined in a similar fashion. Results obtained with the spectrofluorometric assay and by HPLC were similar with r = 0.83.
DSPC determinations. DSPC concentration of bronchoalveolar lavage fluid was determined as previously described (I 2).
Lactate dehydrogenase tneasurements. Lactate dehydrogenase levels were determined on lavage fluid utilizing previously described methods (5) .
Statistical evaluation. ANOVA with Newman Keuls test was used to assess statistical significance where noted; p < 0.05 was considered statistically significant.
RESULTS
ATP was uniformly detected in bronchoalveolar fluid from all animals. Bronchoalveolar lavage from control rats exposed to room air contained 155 -t 12 nmol of ATP (Table 1) . There was a dose-dependent decrease in airway ATP content after oxygen exposure which reached 34 + 5 nmol in bronchoalveolar lavage after exposure to 85% oxygen for 72 h. The decrease in bronchoalveolar lavage ATP content was accompanied by a decrease in bronchoalveolar lavage content of ATP metabolites in a similar fashion. although adenosine content in bronchoalveolar lavage fluid was not significantly different after oxygen exposure (Table I) .
Although ATP and ATP metabolite content decreased in a dose-dependent fashion with oxygen exposure, disaturated phos- In animals exposed to 85% oxygen, there was also a timedependent decrease in airway ATP content (Fig. 1) . Airway ATP content decreased from 236 nmoljlavage and 292 nmol/lavage on d 1 and 2 of oxygen exposure to a level of 18 nmol/lavage in rats exposed to 85% oxygen for 4 d. This low level of lavage ATP persisted for 7 d of oxygen exposure (Fig. 1) .
Lactate dehydrogenase content of the bronchoalveolar lavage was measured as described in "Materials and Methods" and expressed relative to lactate dehydrogenase activity of bronchoalveolar lavage fluid from control rats (100 + 30%, n = 16). Bronchoalveolar lavage fluid from rats exposed to 80% oxygen contained 240 + 40% lactate dehydrogenase activity, whereas lavage from rats exposed to 85% oxygen contained 120 + 30% lactate dehydrogenase activity compared to controls (values are mean + SEM for 17-21 animals). The values obtained for oxygen-treated rats were not statistically different from the lactate dehydrogenase activity obtained by bronchoalveolar lavage of control animals. The vol of lavage fluid recovered relative to the vol of fluid instilled was at least 90% and was similar in control and treated animals.
DISCUSSION
After oxygen exposure, airway content of ATP and ATP metabolites fell in a time-and dose-dependent fashion. Although ATP is a potent stimulus for surfactant secretion in vitro (5, 6), whether ATP plays a similar role in vivo is not known. From the present data, ATP is present in the airway at concentrations sufficient to cause secretion of surfactant from type I1 cells. Assuming a vol of 100 pL for the liquid lining the alveolar surface of the rat (13), the concentration of ATP would be on the order of 1 mM, which is in excess of the ECSo for surfactant phospholipid secretion in vitro ( 
